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ABSTRACT 
DNA double strand breaks (DSB) are the most genotoxic lesions because they 
affect the integrity of the genome. DSBs can be caused by exogenous factors such as 
ionizing radiation or induced during meiosis. Failure to repair DSBs can cause genome 
instability, cancer and cell death. DSBs can be repaired by one of three main pathways, 
homologous recombination (HR), non-homologous end joining (NHEJ) and 
microhomology mediated end joining (MMEJ). NHEJ and MMEJ are error-prone but HR 
is relatively error-free since it relies on a homologous DNA sequence. Studies have 
shown that HR accounts for repair of about 50% of induced DSBs. HR is also essential 
for proper segregation of chromosomes and telomere maintenance in eukaryotes. 
Impaired HR is implicated in diseases like Bloom’s syndrome, Fanconi’s anemia and 
breast and ovarian cancer.  
 In eukaryotes, the mechanism of HR is largely governed by two recombinases, 
Rad51 and Dmc1, the homologs of E. coli RecA. Dmc1 is meiosis-specific whereas 
Rad51 functions in mitosis and meiosis. Rad51 and Dmc1 mediate ATP-dependent DNA 
strand exchange and require recombination mediators and accessory factors to assist them 
in forming a presynaptic filament on single-stranded DNA and search for homology. This 
study involved examining the biochemical properties of a set of proteins with respect to 
their function in RAD51-mediated homologous recombination. The results indicated that 
HELLS, BCCIPα and BCCIPβ interact with RAD51 and bind single-stranded DNA. 
Further, these proteins function in HR by stabilizing the RAD51 presynaptic filament and 
preventing it from dissociation, thus promoting efficient recombination. 
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 Ca2+ stimulates DMC1 and promotes DMC1-mediated homologous 
recombination. Ca2+ is believed to cause a conformational change in DMC1 upon 
binding, resulting in activation. I identified a putative calcium-binding domain in DMC1 
and mutated three aspartic acid residues to alanine to examine the role of this domain in 
the activity of DMC1 and found that the variant is more robust at forming DNA 
displacement loop compared to DMC1 in the absence of Ca2+ and the displacement loop 
formation activity is slightly affected by the presence of Ca2+.  
 The S. cerevisiae Mei5-Sae3 complex functions as a mediator of Dmc1 and helps 
Dmc1 nucleate on single-stranded DNA that is coated with RPA. Mei5-Sae3 complex 
was shown to interact with Rad51 and the interaction was an attribute of the N-terminal 
domain of Mei5. I generated scanning alanine via of N-terminal domain of Mei5 and 
examined the ability of the variants to interact with Rad51. Four residues that could be 
involved in interaction with Rad51 were found based on this study. 
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DNA double-strand breaks (DSBs) are severe lesions that disrupt the integrity of 
the genome. In the genome, DSBs can be induced by errors in DNA replication, oxidative 
metabolism, various forms of site-specific DNA recombination and exposure to ionizing 
radiation or chemical mutagens (Iliakis et al. 2000). The formation and repair of DSBs is 
required for proper segregation of meiotic chromosomes, generating antibodies with 
diverse variable region and for mating-type switching in yeast (Neale and Keeney 2006, 
Pâques and Haber 1999). DSBs, if not repaired, can cause genome instability, mutations, 
cancer and cell death. It is, therefore, important to understand the process of DSB 
formation and repair.  
 
Mechanisms for DSB repair 
Two major processes exist for repair of DSBs, homologous recombination (HR) 
and non-homologous end joining (NHEJ). HR repairs DSBs by utilizing homologous 
DNA segments (Krejci et al. 2003). NHEJ involves ligating the broken ends together 
(Mahaney et al. 2009). Thus, these processes repair DSBs with a varying degree of 
fidelity (Khanna and Jackson 2001). NHEJ can occur throughout the cell cycle (Figure 
1.1), while HR requires an intact sister chromatid, and can only occur in S and G2 phases 
of cell cycle (Moore and Haber 1996, Aylon 2004). A study by Liang et al. (1998) 
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showed that HR accounts for about 50% of DSB repair induced by a rare-cutting 




Figure 1.1: Mechanisms of DNA double-strand break repair.  Repair of DNA DSBs occurs by one of 
the two major processes, homologous recombination (HR), which requires a homologous sequence, or by 
direct ligation of DNA ends by non-homologous end joining (NHEJ).  
 
Homologous recombination 
Homologous recombination is a process by which two homologous DNA 
molecules exchange information in the form of DNA segments.  Homologous 
recombination (HR) is involved in rescue of collapsed replication forks, proper 
segregation of meiotic chromosomes and telomere maintenance (Symington 2002, 
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Michel et al. 2004). Improper function of homologous recombination is implicated in 
various diseases like Bloom’s syndrome and Fanconi’s anemia (Kennedy and D’Andrea 
2005). Failure of homologous recombination is also implicated as the underlying cause of 
breast and ovarian cancer where BRCA1 and BRCA2 genes have mutations (Jasin 2002). 
HR is mediated by two recombinases, RAD51 and DMC1 in eukaryotes, which are 
homologs of E. coli RecA recombinase (Bishop et al. 1992, Shinohara et al. 1992, 
Brendel et al. 1997). DMC1 is meiosis-specific, whereas RAD51 is functional in both 
mitotic and meiotic cells (Shinohara et al. 1992). 
 
 The HR pathway is described in Figure 1.2: DSB are formed upon encounter with 
DNA damaging agents like ionizing radiation. The two damaged DNA ends are 
nucleolytically resected to generate 3ʹ′ single-strand DNA (ssDNA) overhangs. The 
recombinase binds the 3ʹ′ ssDNA tail to form a nucleoprotein filament that searches for 
homology. Once homology is found, strand invasion occurs followed by strand exchange 
and DNA synthesis. This results in a Holliday junction, which is resolved to give 
crossover or non-crossover products.  
	   




Figure 1.2: Homologous recombination pathway for DSB repair. DSB formation is followed by 
resection of broken ends to generate ssDNA tails, which provide the basis for homology search to perform 
DNA strand invasion and exchange. DNA synthesis occurs leading to formation and eventual resolution of 
Holliday junction.  
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The Mre11-Rad50-Nbs1 (MRN) complex plays an important role in DSB sensing 
and downstream signaling: The MRN complex activates ATM/ATR kinases, which 
activate other downstream signaling components, leading to events that cause cell cycle 
arrest (Williams et al. 2010). The 5ʹ′ ends of the break are resected by endonucleases to 
form 3ʹ′ ssDNA overhang tails, which are used for homology search and DNA strand 
exchange. In mitotic cells, the Rad51 recombinase binds the 3ʹ′ ssDNA tails leading to 
formation of a right-handed helical nucleoprotein filament called the presynaptic 
filament. The single-stranded DNA binding protein, Replication Protein A (RPA) 
competes with Rad51 for binding the ssDNA tails (Sung 1997, Shinohara et al. 1998), 
which inhibits homology search. Recombination mediators, such as BRCA2, Rad52, 
Rad55-Rad57 assist the recombinase in overcoming the inhibition posed by RPA. Once 
the presynaptic filament is formed, the search for homology begins. The presynaptic 
complex now binds the homologous duplex DNA to form the synaptic complex. The 
bases in the complementary strand test for homology by base flipping and once a 
homologous region is found, base flipping allows the complementary strand to Watson–
Crick pair with the incoming strand (Gupta et al. 1999). DNA strand invasion occurs 
resulting in formation of a DNA displacement loop (D-loop) followed by DNA strand 
exchange. DNA synthesis is carried out to extend the ssDNA. The capture of second end 
followed by branch migration results in formation of Holliday junctions. Holliday 
junctions are resolved to give rise to crossover or non-crossover products, based on 
orientation. 
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RPA 
Replication protein A (RPA) is a heterotrimeric protein that binds ssDNA with 
high affinity and can remove secondary structure in ssDNA. RPA is the most abundant 
single-strand binding protein (SSB) in human cells (Seroussi et al. 1993). Sung (1994) 
observed the stimulatory action of RPA around the same time as the recombinase activity 
of S. cerevisiae Rad51 was first reported. Studies have provided evidence that RPA 
facilitates the assembly of the presynaptic filament via the removal of secondary structure 
in the ssDNA and by sequestering ssDNA generated during the homologous DNA pairing 
and strand exchange reaction (Sugiyama et al. 1997, Van Komen et al. 2002). However, 
RPA strongly suppresses the recombinase activities of Rad51 and Dmc1 (Sung 1997, 
Shinohara et al. 1998).  
 
Rad51 
Game and Mortimer (1974) identified RAD51 as one of the genes that was 
upregulated after exposure to radiation. In Saccharomyces cerevisiae, RAD51 mutants are 
highly sensitive to DNA damage. In humans, RAD51 mutations are lethal (Tsuzuki et al. 
1996). S. Cerevisiae Rad51 is 30% identical and 54% similar to bacterial recombinase 
RecA (Shinohara et al. 1992). Rad51 functions in all three phases of HR: presynapsis, 
synapsis and post-synapsis (Sung et al. 2003). The presynaptic phase begins with loading 
of Rad51 onto single-strand DNA to form a Rad51–ssDNA filament, called the 
presynaptic filament. Rad51 forms heptameric ring in the absence of ATP and the 
presynaptic filament is formed in the presence of ATP (Figure 1.3). This right-handed 
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filament comprises six Rad51 molecules and 18 nucleotides per helical turn. The DNA 
within the filament is stretched 50% more than the length of B-DNA (Ogawa et al. 1993). 
Robertson et al. (2009) showed through single-molecule microscopy of RAD51-DNA 
filaments that the filament is elongated in the presence of ATP and that as the ATP is 
hydrolyzed the filament is compressed. This process of stretching is believed to be 
essential for efficient homology search (Klapstein et al. 2004, Chen et al. 2007). This 
phase is followed by synapsis, during which Rad51 mediates the formation of a 
connection between the invading ssDNA and homologous duplex DNA, leading to strand 
invasion and D-loop formation. Lastly, Rad51 dissociates from dsDNA to expose the 3′-




Figure 1.3: Formation of RAD51 presynaptic filament. RAD51 forms heptameric rings in the absence of 
ATP, and binds DNA and forms a right-handed nucleoprotein filament in the presence of ATP. (Used with 
permission from Michael Sehorn)  
 
	   8	  
Meiosis-specific recombinase, Dmc1 
 Bishop et al. (1992) characterized Dmc1 (Disruption of Meiotic cDNA) in yeast 
for the first time using a genetic screen of a cDNA library for transcripts specific for 
meiosis I. Dmc1 was one of the nine genes essential for meiosis that expressed 
abundantly. Yeast Dmc1 shares ~ 26% identity with the bacterial recombinase, RecA and 
~ 46% identity with yeast Rad51 (Bishop et al. 1992, Shinohara et al. 1992). Mutants of 
DMC1 in yeast have defective syneptonemal complex formation, inter-chromosomal 
recombination, spindle body formation and caused cell cycle arrest in late prophase of 
meiosis I, thus reducing spore viability (Bishop et al. 1992). Pittman et al. (1998) showed 
that Dmc1-deficient mice are infertile due to arrest of gametes.  
 Dmc1 mediates DNA strand exchange reaction, which consists of presynaptic 
filament formation, homology search and strand invasion, and strand displacement. Upon 
formation of a DSB break, the ends are endonucleolytically processed to generate 3ʹ′ 
ssDNA tails which serve as the nucleation site for Dmc1. Passy et al. (1999) and Sehorn 
at al. (2004) showed that Dmc1 formed stacked rings and ssDNA passed through the 
center of the rings (Figure 1.4 (A)). Sehorn et al. (2004) showed the existence of the 
helical form of presynaptic filament of Dmc1 using transmission electron microscopy 
(Figure 1.4 (B)). The stacked ring form of Dmc1 is inactive and the helical nucleoprotein 
filament is the catalytic form (Passy et al. 1999, Sehorn et al. 2004, Bugreev et al. 2005). 
The next step in HR involves the search for homology. Upon finding homology, a 
synaptic complex is formed. Accessory factors assist Dmc1 in this step. The Hop2-Mnd1 
complex assists Dmc1 in homology search and strand invasion (Sung et al. 2003, Pezza et 
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Figure 1.4: DMC1 presynaptic filaments. TEM images of DMC1 forming (A) stacked rings in the 
absence of ATP and (B) helical presynaptic filaments in the presence of ATP, filament ends marked by 
arrows. Sehorn et al. (2004). 
Sehorn et al. (2004) showed that DMC1 is capable of catalyzing ATP-dependent 
DNA strand exchange. Ca2+ ions activate DMC1 and promote DMC1-mediated 
homologous recombination (Bugreev et al. 2005). Similarly, Ca2+ has also been shown to 
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promote scDmc1-mediated homologous recombination (Lee et al. 2005). Bugreev et al. 
(2005) suggested that Ca2+ stimulates DMC1 through formation of long stable 
presynaptic filaments and a conformational change in DMC1, and that free Ca2+ ion binds 
to a specific site in DMC1, different from the ATP-Mg2+ binding site, which may induce 
a conformational change in the protein resulting in efficient DNA strand exchange 
(Bugreev et al. 2005).  
 
Mediators and accessory factors involved in HR 
During HR, when DSB are resected and 3ʹ′ ssDNA tails are generated, the single 
strand binding (SSB) protein, Replication Protein A (RPA) binds the ssDNA and 
competes with Rad51 and Dmc1 for binding ssDNA thereby serving as a challenge to the 
recombinases to form filaments (Sung 1997, Shinohara et al. 1998). Mediator is a protein 
that facilitates the assembly of the recombinase presynaptic filament through 
displacement of RPA from ssDNA. Figure 1.5 shows that in the absence of RPA, Rad51 
can form the presynaptic filament. However, in the presence of RPA, a mediator protein 
is required to load Rad51 onto the DNA. 
	   11	  
 
 
Figure 1.5: Role of mediators in presynaptic filament formation. RAD51 binds ssDNA to form a 
presynaptic filament. RPA provides competition to the presynaptic filament formation by RAD51. 
Recombination mediators such as BRCA2 help RAD51 overcome RPA inhibition and promote presynaptic 
filament formation.  
 
Accessory factors play an important role in the function of recombinases. The 
Hop2-Mnd1 protein complex, Rad54, Rad51AP1, and Rad51AP2 are some known 
accessory factors of RAD51 (Kovalenko et al. 2006, Chi et al. 2007, Modesti et al. 2007, 
Mazin 2010). Figure 1.6 shows stabilization of RAD51 filament by an accessory factor. 
In the absence of the accessory factor, the presynaptic filament is unstable and D-loop 
formation is not favored. The accessory factor binds across the length of the RAD51 
filament or at the ends, thereby stabilizing the filament and promoting formation of D-
loop. Formation and maintenance of the presynaptic complex are important steps in 
homologous recombination because these are the initial steps and the entire repair process 
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relies on it. Identification and characterization of accessory factors, especially those that 
help in stabilization of the nucleoprotein filament and promotion of strand invasion will 
help better understand the process of homologous recombination.  
 
   
Figure 1.6: Model showing accessory factors assisting RAD51. (A) RAD51 (yellow) binds ssDNA to 
form a presynaptic filament. (B) In the absence of accessory factor, RAD51 forms a filament that is 
unstable and dissociates rapidly. (C) The accessory factor (blue) binds across the length of the filament or 
at the ends, the filament is stabilized and D-loop formation is favored. 
	   13	  
RAD54 
The Rad54 gene was identified in a genetic screen for S. cerevisiae mutants 
sensitive to ionizing radiation (Game and Mortimer 1974). Mice null for RAD54 are 
viable, although embryonic cells are sensitive to ionizing radiation and methyl 
methanesulphonate, an alkylating agent. (Bezzubova et al. 1997, Essers et al. 2000). 
Mutations of RAD54 in humans have been implicated in breast, colon and lymphoma 
cancer (Mastuda et al. 1999). RAD54 belongs to the RAD52 epistasis group, (members of 
which function in the same biological pathway) and is a member of the Swi2/Snf2 family 
of chromatin remodelers. RAD54 interacts with RAD51 and plays many different roles in 
RAD51-mediated homologous recombination (Petukhova et al. 1998, Mazin 2010). 
RAD54 promotes RAD51-mediated search for homology and stimulates D-loop 
formation. RAD54 is also involved in dissociation of RAD51 filament when it is not 
required. RAD54 also promotes branch migration by binding efficiently to Holliday 
junctions to form a multimeric complex in an ATP hydrolysis dependent manner 
(Bugreev et al. 2006, Sung and Klein 2008, Mazin 2010).  
 
HELLS 
HELLS also belongs to the Swi2/Snf2 family of chromatin remodelers. HELLS 
stands for HELicase, Lymphoid Specific and is also known as LSH, SMARCA6 and 
PASG. HELLS shares ~24 % identity with RAD54 (Sharma et al. in preparation). 
HELLS was found to be involved in synapsis of meiotic chromosomes (De La Fuente et 
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al. 2006, Zeng et al. 2011). RAD51 foci accumulated at the site of DNA damage in mice 
null for Lsh, the mouse homolog of HELLS (De La Fuente et al. 2006). HELLS is also 
required for genome-wide methylation (Dennis et al. 2001). LSH was shown to be an 
ATPase that promotes phosphorylation of H2AX and involved in repair of DSB in 
mammalian cells (Burrage et al. 2012). γ-H2AX is a variant of histone H2A that is 
phosphorylated on the serine residue at position 139 by ATM/ATR kinases in response to 
DSB. Burrage et al (2012) observed that LSH-deficient cells showed a weaker and 
transient phosphorylation of γ-H2AX compared to cells with normal levels of LSH 
resulting in inefficient recruitment and retention of DNA damage response mediators. 
The sequence GXXXXGKT/S, known as Walker motif A, is believed to be the 
site for binding to the γ phosphate group of ATP in many proteins (Ramakrishnan et al. 
2002). Studies involving the Walker A variants demonstrated that substitution of the 
conserved lysine arginine attenuates ATP hydrolysis by the ATPase (Shan et al. 1996, 
Sung et al. 1988). Sharma et al. (in preparation) showed that HELLS is an ATPase and 
contains a Walker A motif (251GLGKT255). Substitution of the lysine residue to arginine 
will help understand the role of ATP hydrolysis in the activity of HELLS. 
 
BRCA2 
BRCA2 is a tumor suppressor that is implicated in breast and ovarian cancer. 
BRCA2 functions as a mediator of RAD51 and DMC1-mediated HR (San Filippo et al. 
2006, Holloman et al. 2008, Jensen et al. 2010). BRCA2 has been shown to recruit 
RAD51 to radiation-induced DSB foci (Tarsounas et al. 2003). BRCA2 has nine RAD51 
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binding regions and each of these regions is critical for RAD51 foci formation and HR 
(Wong et al. 1997, Xia et al. 2001). DMC1 also interacts with the nine regions within 
BRCA2 (Thorslund 2007). Studies have shown that lack of BRCA2 results in defects in 
HR (Moynahan et al. 2001, Xia et al. 2001). Thus, BRCA2 is one of the major players in 
homologous recombination that aids RAD51 and DMC1 in carrying out their function.  
 
BCCIP 
BCCIP is a BRCA2 and CDKN1A Interacting Protein. The BCCIP gene is 
alternatively spliced into two commonly expressed isoforms, BCCIPα and BCCIPβ.  
These isoforms have identical N-terminal domain but distinct C-terminal domains. 
BCCIP proteins interact with BRCA2 through a shared region in the two isoforms. Lu et 
al. (2005) showed BCCIP forms nuclear foci that co-localizes with BRCA2 and RAD51.  
Downregulation of BCCIP to study the effect on the formation of RAD51 foci showed 
that when RNA interference was used to reduce BCCIPα by 90% or BCCIPβ by 50%, the 
number of RAD51 foci was markedly reduced.  Downregulation of BCCIP also resulted 
in reduction of HR-induced repair of DSBs by 20 to 100-fold (Lu et al. 2005). 
Overexpression of BCCIP inhibited transition from G1 to S phase of cell-cycle by 
affecting p21 expression levels (Meng et al. 2004). These findings indicate that BCCIP is 
critical for RAD51 mediated DNA damage response and HR. 
 
Mei5-Sae3 
 Mei5-Sae3 complex was shown to be a mediator of S. cerevisiae Dmc1-dependent 
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meiotic recombination (Hayase et al. 2004, Tsubochi et al. 2004). The Mei5-Sae3 
complex is essential for the recruitment of Dmc1 to the break site. Mutations of Mei5 
(MEIosis-specific protein) or Sae3 (Sporulation in the Absence of Spo Eleven) led to a 
multitude of problems including spore inviability, accumulation of broken DNA ends, 
and defective Holliday junction resolution (Tsubochi and Roeder 2004, Hayase et al. 
2004). Recently, Say et al. (2011) showed that Mei5-Sae3 complex interacts with Rad51 
and prefers a fork-like DNA structure. However, Mei5-Sae3 complex was not able to 
overcome inhibitory effect of RPA on Rad51, which means the complex does not act as a 
mediator of Rad51. The exact mechanism of the function of Mei5-Sae3 in Rad51-
mediated homologous recombination is not clear.  
 
In this study, we investigate the function of HELLS and BCCIP as accessory 
factors of RAD51 to achieve a better understanding of their role in homologous 
recombination.  We also investigate the role of a putative calcium-binding domain in 
DMC1 that will help understand the mechanism of Ca2+ mediated stimulation of DMC1 
strand-exchange activity. Finally, we determine important residues in Mei5 that may be 
involved in interaction with Rad51, which will help better understand the mechanism by 
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CHAPTER TWO 
CHARACTERIZATION OF ACCESSORY FACTORS THAT STABILIZE THE 
RAD51 PRESYNAPTIC FILAMENT 
 
Abstract 
RAD51, the homolog of E. coli RecA, polymerizes on single-stranded DNA 
(ssDNA) to form a presynaptic filament that can search for homology in duplex DNA. 
RAD54, a Swi2/Snf2 family member, functions as an accessory factor facilitating Rad51-
mediated HR. HELLS, another member of Swi2/Snf2 family of chromatin remodelers, is 
essential for synapsis of meiotic chromosomes and involved in regulation of DNA 
methylation. Here, we characterized the biochemical properties of HELLS with a goal to 
better understand the role of HELLS in homologous recombination. Using biochemical 
assays, we demonstrated that HELLS binds DNA and interacts with RAD51 and 
stabilizes the presynaptic filament formed by RAD51 on DNA and protects it from 
dissociation. The Walker A variant of HELLS, HELLS K254R was also found to 
stabilize the RAD51 presynaptic filament. BRCA2 plays an important role in RAD51 
foci formation during homologous recombinational repair. BCCIPα and BCCIPβ, two 
isoforms of BRCA2 and CDKN1A-Interacting Protein (BCCIP), interact with BRCA2 
and co-localize with radiation-induced RAD51 foci. We characterized the role of 
BCCIPα and BCCIPβ in RAD51-mediated homologous recombination. We found that 
both BCCIPα and BCCIPβ bind DNA, interact with RAD51 and stabilize the RAD51 
presynaptic filament indicating they might be important for RAD51-mediated DNA 
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damage response. 
2.1 Introduction 
DNA double strand breaks are harmful because they affect the integrity of the 
genome. Homologous recombination is a relatively error-free process to repair DSBs 
using a homologous DNA sequence. When DSB form, the ends of the break are resected 
nucleolytically. The RAD51 recombinase nucleates on the ssDNA tails formed at the site 
of damage to form a presynaptic filament, which then performs an ATP-dependent 
homology search (Sung et al. 1994, Baumann et al. 1996). Upon finding homology, the 
presynaptic filament invades the homologous duplex DNA to form DNA displacement 
loop (D-loop). The recombinase requires a lot of mediators and accessory factors in this 
process. It is important to maintain the stability of the presynaptic filament in order to 
carry out the process of homologous recombination efficiently.  
RAD54, a member of the Swi2/Snf2 family of chromatin remodelers was shown 
to function as an accessory factor to RAD51 (Mazin et al. 2003). Another member of this 
family, HELLS (HELicase, Lymphoid Specific), was found to be involved in synapsis of 
meiotic chromosomes (De La Fuente et al. 2006, Zeng et al. 2011). RAD51 foci 
accumulated at the site of DNA damage in mice null for Lsh, the mouse homolog of 
HELLS (De La Fuente et al. 2006). HELLS is also required for genome-wide methylation 
(Dennis et al. 2001). Lsh, the mouse homolog of HELLS, was shown to be an ATPase 
that promotes phosphorylation of H2AX and involved in repair of DSB in mammalian 
cells (Burrage et al. 2012). These finding suggest that HELLS plays a role in RAD51-
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mediated homologous recombination. Here, we characterized HELLS and its Walker A 
variant to determine their role of the protein as a possible accessory factor of RAD51. 
 BRCA2 plays an important role in RAD51-mediated homologous recombination. 
BRCA2 recruits RAD51 to radiation-induced DSB site where RAD51 forms foci 
(Tarsounas et al. 2003, Jensen et al. 2010). Two isoforms of BCCIP (BRCA2 and 
CDKN1A interaction protein), α and β have been implicated in RAD51-dependent repair 
processes because of the interaction between these proteins and BRCA2 (Lu et al. 2005). 
BCCIP proteins interact with BRCA2 through a shared region in the two isoforms. 
BCCIPα and BCCIPβ also co-localize with BRCA2 in the nucleus and are associated 
with RAD51 (Lu et al. 2005). These observations indicate a possible role of BCCIPα and 
BCCIPβ in RAD51-mediated repair. Here, we characterized the biochemical properties 
of BCCIPα and BCCIPβ to understand their role in homologous recombination. 
 
2.2 Materials and methods 
2.2.1 Plasmids 
The human HELLS cDNA was purchased from Open Biosystems and cloned into 
pET11d expression vector previously in lab (Kristin Leskoske, undergraduate 
researcher). This involved adding a six-histidine at the 5ʹ′ end of HELLS. We used site-
directed mutagenesis by PCR to change the lysine residue at position 254 to arginine in 
HELLS, to generate the Walker A variant, HELLS K254R. The cDNA for BCCIPα and 
BCCIPβ were purchased from Open Biosystems and then cloned into pET11c with 
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insertion of six-histidine tag at the 5ʹ′ end of BCCIPα and BCCIPβ (Julie White, 
undergraduate researcher. The expression plasmids for HELLS K254R, BCCIPα and 
BCCIPβ were sequenced to ensure no undesired mutations were present. 
 
2.2.2 Expression and purification of HELLS, HELLS K254R, BCCIPα and BCCIPβ 
The pET11d-HELLS expression plasmid was introduced into E. coli BL21 
Rosetta (DE3) cells. The cells were grown at 37°C to OD600 of 0.9 followed by addition 
of 0.4 mM IPTG and incubation for 16 hours at 16°C. The cells were harvested by 
centrifugation at 7500xg for 10 min at 4°C using a Beckman JLA 8.1000 rotor. Cell paste 
of 60g was resuspended in 300 mL Buffer A (50 mM Tris pH 7.5, 1 mM EDTA, 10% 
sucrose, 1 mM β-mercaptoenthanol, 0.01 % Igepal, 1 mM benzamidine, 1 mM PMSF, 
0.1 mg/mL lysozyme and protease inhibitors (chymostatin, aprotinin, pepstatin A and 
leupeptin at a final concentration of 5 µg/mL each)) with a final concentration of 150 mM 
KCl and subjected to sonication (three rounds, thirty seconds each). The sonicated extract 
was clarified using ultracentrifugation at 180,000xg for 90 min at 4°C using a Beckman 
Type 45 Ti rotor, and diluted with Buffer B (20 mM K2HPO4 pH 7.4, 1 mM EDTA, 10% 
glycerol, 1 mM β-mercaptoenthanol, 0.01 % Igepal) to match conductivity of 50 mM 
KCl and loaded onto a 40 mL SP sepharose column (GE Healthcare). The column was 
washed with 80 mL of Buffer B containing 50 mM KCl and the protein was eluted with 
320 mL of Buffer B at a linear gradient of 50 mM to 1000 mM KCl. The elutions were 
subjected to 12 % SDS-PAGE followed by staining with Coomassie Brilliant Blue to 
	   29	  
determine the peak fractions of HELLS. HELLS eluted at 180 mM KCl. The peak 
fractions containing HELLS were pooled and incubated with 1 mL Nickel-NTA 
sepharose resin (GE Healthcare). The resin was washed with 10 mL of Buffer B 
containing 1000 mM KCl and 50 mM imidazole followed by 10 mL of Buffer B 
containing 100 mM KCl and 50 mM imidazole. The protein was eluted in nine fractions 
of 1 mL each with Buffer B containing 100 mM KCl and 500 mM imidazole. The 
elutions were subjected to 12 % SDS-PAGE followed by staining with Coomassie 
Brilliant Blue and the fractions containing HELLS were pooled and diluted with Buffer B 
to match conductivity of 100 mM KCl and loaded onto an 8 mL Source Q column (GE 
Healthcare). HELLS did not bind the column and flowed through, which was determined 
using SDS-PAGE and Coomassie Brilliant Blue staining. The flow-through was collected 
and diluted with Buffer B to match conductivity of 50 mM KCl and then loaded onto a 1 
mL Source S column (GE Healthcare). The column was washed with 5 mL Buffer B 
containing 50 mM KCl and the protein was eluted with 30 mL of Buffer B at a linear 
gradient of 50 mM to 800 mM KCl. The elutions were subjected to 12 % SDS-PAGE and 
stained using Coomassiee Brilliant Blue. HELLS eluted at 240 mM KCl. The fractions 
containing HELLS were concentrated and aliquoted in small volume and stored at -80°C. 
HELLS K254R was expressed and purified using the same procedure as HELLS. 
 
The pET11c-BCCIPα expression plasmid was introduced into E. coli BL21 
Rosetta (DE3) cells. The cells were grown at 37°C to OD600 of 0.9 followed by addition 
of 0.4 mM IPTG and incubation for 16 hours at 16°C. The cells were harvested by 
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centrifugation at 7500xg for 10 min at 4°C using a Beckman JLA 8.1000 rotor. Cell paste 
of 30g was resuspended in 150 mL Buffer A (50 mM Tris pH 7.5, 1 mM EDTA, 10 % 
sucrose, 1 mM β-mercaptoenthanol, 0.01 % Igepal, 1 mM benzamidine, 1 mM PMSF, 
0.1 mg/mL lysozyme and protease inhibitors (chymostatin, aprotinin, pepstatin A and 
leupeptin at a final concentration of 5 µg/mL each)) with a final concentration of 500 mM 
KCl and subjected to sonication (three rounds, thirty seconds each). The sonicated extract 
was clarified using ultracentrifugation at 180,000xg for 90 min at 4°C using a Beckman 
Type 45 Ti rotor, and incubated with 1 mL Nickel-NTA sepharose resin (GE Healthcare). 
The resin was washed with 10 mL of Buffer B containing 1000 mM KCl and 50 mM 
imidazole followed by 10 mL of Buffer B containing 100 mM KCl and 50 mM 
imidazole. The protein was eluted in nine fractions of 1 mL each with Buffer B 
containing 100 mM KCl and 500 mM imidazole. The elutions were subjected to 12 % 
SDS-PAGE followed by staining with Coomassie Brilliant Blue. The fractions containing 
BCCIPα were pooled and diluted with Buffer B to match conductivity of 100 mM KCl 
and loaded onto a 1 mL Macro-Hydroxyapatite (MHAP) column (Bio-Rad). The column 
was washed with 5 mL of Buffer B containing 100 mM KCl and the protein was eluted 
with 30 mL of a linear gradient of 0 mM to 400 mM KH2PO4. The elutions were 
subjected to 12 % SDS-PAGE followed by staining with Coomassie Brilliant Blue and 
BCCIPα eluted at 280 mM KH2PO4. The peak fractions containing BCCIPα were pooled 
and diluted with Buffer B to match conductivity of 50 mM KCl and loaded onto an 8 mL 
Source Q column (GE Healthcare). The column was washed with 40 mL Buffer B 
containing 50 mM KCl and the protein was eluted with 240 mL of Buffer B at a linear 
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gradient of 50 mM to 600 mM KCl. The elutions were subjected to 12 % SDS-PAGE and 
stained with Coomassie Brilliant Blue. BCCIPα eluted at 300 mM KCl. The fractions 
containing BCCIPα were pooled, concentrated, aliquoted and stored at -80°C. BCCIPβ 
was expressed and purified using the same procedure as BCCIPα. 
 
2.2.3 DNA substrates 
Oligonucleotides were ordered from Integrated DNA Technologies. OL83 (5'-
TTTATATCCTTTACTTTATTTTCTATGTTTATTCATTTACTTATTTTGTATTATC 
CTTATACTTATTTACTTTATGTTCATTT-3') and OL90 (5′- 
AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTT 
AATCAGTGAGGCACCTATCTCAGCGATCTGTCTATT-3′) were purified using a 
10% denaturing polyacrylamide gel, the DNA was excised from the gel and eluted in TE 
buffer (10 mM Tris-HCl pH 7.5, 0.5 mM EDTA). The purified oligos were labeled at the 
5ʹ′ end with [γ-32P]-ATP using the enzyme T4 polynucleotide kinase in Buffer C (70 mM 
Tris-HCl pH 7.6, 10 mM MgCl2, 5 mM DTT). Free [γ-32P]-ATP was removed by 
centrifugation using Bio-Spin columns (Bio-Rad) and labeled DNA was collected as 
flow-through and diluted to desired concentration using TE buffer. φX174 viral DNA (+) 
strand (φX174 ssDNA) was purchased from New England Biolabs. 
 
2.2.4 ATP hydrolysis assay 
HELLS or HELLS K254R (0.2 µM) were incubated with 1 mM [γ-32P]-ATP in 10 
µl of reaction with Buffer D (25 mM Tris-HCl pH 7.5, 2.5 mM MgCl2, 0.1 mg/mL BSA, 
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1 mM DTT) in the absence or presence of φX174 ssDNA (30 µM nucleotides) at 37°C 
for 90 min. 2 µl of the reaction mixture was withdrawn and equal amount of EDTA (0.5 
M) was added to stop the reaction, and subjected to thin layer chromatography. The 
amount of 32P released was analyzed using phosphorimager (GE Healthcare) and 
quantified using ImageQuant (GE Healthcare). 
 
2.2.5 Affinity pull-down assay  
RAD51 (4.5 µM) was incubated with 6XHis-HELLS (2 µM) or 6XHis-HELLS 
K254R (2 µM) on Ni-NTA resin (15 µl) in 30µl of reaction with Buffer E (20 mM 
K2HPO4 pH 7.4, 10 % glycerol, 1 mM EDTA, 100 mM KCl) for 30 min. The supernatant 
was removed and the beads were washed three times with Buffer E. The protein bound to 
the beads was eluted using SDS. The samples (supernatant, wash and elution) were 
subjected to 12 % SDS polyacrylamide gel electrophoresis and stained with Coomassie 
Brilliant Blue. As control experiment, RAD51 was incubated with Ni-NTA resin in 
Buffer E for 30 min, the supernatant was removed, beads washed and protein eluted with 
SDS. Similarly, RAD51 (4.5 µM) was incubated with 6XHIS-BCCIPα or 6XHIS-
BCCIPβ (4 µM) in 30µl of reaction with Buffer E for 30 min. The supernatant was 
removed and the beads were washed three times with Buffer E. The protein bound to the 
beads was eluted using SDS and the samples (supernatant, wash and elution) were 
subjected to 12 % SDS-PAGE followed by staining with Coomassie Brilliant Blue. 
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2.2.6 Electrophoretic mobility shift assay 
Increasing concentrations of HELLS or HELLS K254R were incubated with 32P-
labeled OL83 ssDNA (4.5 µM nucleotides) for 10 min at 37°C in 10 µl of reaction with 
Buffer F (25 mM Tris-HCl pH 7.5, 50 mM KCl, 0.1 mg/mL BSA, 1 mM DTT). As a 
control, HELLS or HELLS KR were incubated with 32P-labeled OL83 ssDNA for 10 min 
at 37°C and the reaction was deproteinized with SDS (0.5 %) and Proteinase K (0.5 
mg/mL). The samples were mixed with equal volume of loading dye (30 % glycerol, 2 
mg/mL Orange G) and subjected to 10 % native polyacrylamide gel electrophoresis and 
were analyzed using a phosphorimager (GE Healthcare) and ImageQuant (GE 
Healthcare). Similarly, increasing concentrations of BCCIPα and BCCIPβ were 
incubated with φX174 ssDNA (30 µM nucleotides) for 10 min at 37°C in 10µl of reaction 
with Buffer F. As a control, BCCIPα or BCCIPβ were incubated with φX174 ssDNA for 
10 min at 37°C and the reaction was deproteinized with SDS (0.5 %) and Proteinase K 
(0.5 mg/mL). The samples were mixed with equal volume of loading dye (30 % glycerol, 
2 mg/mL Orange G) and subjected to 0.9 % agarose gel electrophoresis followed by 
staining with ethidium bromide and were analyzed using GelDoc XR+ system (Bio-Rad).  
 
2.2.7 Nuclease protection assay 
RAD51 (1.5 µM) was incubated with 32P-labeled OL90 (4.5 µM nucleotides) for 
10 min at 37°C in Buffer G (25 mM Tris-HCl pH 7.5, 1 mM ATP, 1.5 mM MgCl2, 50 
mM KCl, 0.1 mg/mL BSA, 1 mM DTT). HELLS (0.5 µM and 1 µM) or HELLS K254R 
(0.5 µM and 1 µM) or BCCIPα (1 µM and 2 µM) or BCCIPβ (1 µM and 2 µM) were 
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subsequently added to the reaction and incubated for 5 min. DNase I (2 Units) was added 
to the reaction and incubated for 15 min. The samples were deproteinized using 0.5% 
SDS and 0.5 mg/mL Proteinase K, mixed with equal volume of loading dye (30 % 
glycerol, 2 mg/mL Orange G) and subjected to 10 % native polyacrylamide gel 




2.3.1 Expression and purification of HELLS, HELLS K254R, BCCIPα and BCCIPβ. 
To determine the biochemical properties of HELLS and understand the role of 
ATP hydrolysis in the activity of HELLS, we purified the two proteins HELLS and 
HELLS K254R. We implemented a series of chromatographic steps to purify HELLS and 
HELLS K254R to near homogeneity.  Figure 2.1 indicates purified HELLS (Lane 1) and 
HELLS K254R (Lane 2). We also purified BCCIPα and BCCIPβ in order to characterize 
their biochemical properties. Figure 2.1 indicates purified BCCIPα (Lane 3) and BCCIPβ 
(Lane 4). 
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Figure 2.1: Purified HELLS, HELLS K254R, BCCIPα  and BCCIPβ . 1 µg of purified proteins; 
HELLS (Lane 1), HELLS K254R (Lane 2), BCCIPα (Lane 3) and BCCIPβ (Lane 4) were loaded on 12 % 
SDS-polyacrylamide gel and were subjected to electrophoresis followed by staining with Coomassie 
Brilliant Blue. 
 
2.3.2 HELLS K254R has attenuated ATP hydrolysis activity 
 To determine if the Walker A variant, HELLS K254R, lacked the ability to 
hydrolyze ATP, we used thin layer chromatography to monitor ATP hydrolysis of 
HELLS and HELLS K254R in the absence or presence of ssDNA. HELLS hydrolyzes 
small amount of ATP in the absence of DNA and the presence of DNA stimulated the 
rate of ATP hydrolysis. However, HELLS K254R shows attenuated ATP hydrolysis 
activity in the absence or presence of DNA.  
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Figure 2.2: ATP hydrolysis activity of HELLS and HELLS K254R. HELLS (0.2 µM) or HELLS 
K254R (0.2 µM) were incubated with [γ-32P]-ATP in the absence or presence of φX174 ssDNA. The 
samples were subjected to thin layer chromatography and the amount of ATP hydrolyzed was analyzed 
using phosphorimager. 
 
2.3.3 RAD51 physically interacts with HELLS and HELLS K254R.  
To determine functional relativity, we examined if HELLS and HELLS K254R 
interact with RAD51. We performed affinity pull-down assays to determine physical 
interactions. Interaction between a pair of proteins in suggested by presence of RAD51 in 
elution (E) fraction (Figure 2.3, Lane 3, 6, 9, 12). We incubated RAD51 with (6XHis)-
HELLS and (6XHis)-HELLS K254R on Ni-NTA resin and found that RAD51 interacts 
with HELLS (Figure 2.3(A)). Because HELLS interacts with RAD51, we wanted to 
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determine if the Walker A variant of HELLS, HELLS K254R, also interacts with RAD51 
or if there was a loss of this function due to the mutation. We found that HELLS K254R 
also interacts with RAD51 (Figure 2.3(B)). As a control, we incubated RAD51 with 









Figure 2.3 Physical interaction of HELLS and HELLS K254R with RAD51. RAD51 (4.5 µM) was 
incubated with (A) 6XHis-HELLS or (B) 6XHis-HELLS K254R (2 µM) and Ni-NTA or (C) only Ni-NTA 
beads. Supernatant was separated and the beads washed. The supernatant (S), wash (W) and bead (E) 
















       (A)        (B)      (C) 
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2.3.4 HELLS and HELLS K254R bind DNA. 
To determine the ability of HELLS and HELLS K254R to bind DNA, we 
performed DNA electrophoretic mobility shift assay using radiolabeled oligonucleotide 
length single-stranded DNA (OL83). Our results indicate that HELLS binds ssDNA 
(Figure 2.4(A)) and HELLS K254R also binds ssDNA (Figure 2.4(B)). Both these 
proteins bind DNA in a concentration dependent manner. As a control, we deproteinized 
the nucleoprotein complex, which resulted in DNA substrate with unaltered 




Figure 2.4: DNA binding by HELLS and HELLS K254R. (A) HELLS (Lane 2-6; 0.125 µM, 0.25 µM, 
0.5 µM, 0.75 µM and 1 µM; Lane 7 and 8; 1.5 µM) and (B) HELLS K254R (Lane 2-6; 0.125 µM, 0.25 
µM, 0.5 µM, 0.75 µM and 1 µM; Lane 7 and 8; 1.5 µM) were incubated with 32P-labeled OL83 and 
subjected to 10 % native polyacrylamide gel electrophoresis and analyzed using phosphorimager. The 
reaction in lane 8 was deproteinized before subjecting to electrophoresis. S/P = SDS / Proteinase K. 
(A)	  	   	   	   	   	   	   	   	  	  	  	  	  (B)	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2.3.5 HELLS and HELLS K254R stabilize the nucleoprotein filament of RAD51 
RAD51 forms a helical nucleoprotein filament on ssDNA in the presence of ATP 
and searches for homology (Sung et al. 2003). It is critical that the presynaptic filament 
formed by RAD51 is stable and does not dissociate easily. To identify proteins that 
stabilized the RAD51 presyanptic filament, we performed a nuclease protection assay on 
RAD51 (Chow et al. 1986). RAD51 formed a presynaptic filament but could not 
completely protect the ssDNA from degradation (Figure 2.5, lane 3). Upon addition of 
HELLS, we found that the nucleoprotein filament was more stable resulting in less 
degradation of ssDNA (Figure 2.6, lanes 4 and 5). We found similar results when HELLS 
K254R was added; the nucleoprotein filament was more stable. We also showed that 
HELLS or HELLS K254R alone could not protect the ssDNA in the absence of RAD51 
















Figure 2.5: Protection of RAD51 presynaptic filament by HELLS and HELLS K254R. (A) 32P-labeled 
OL90 (4.5 µM nucleotides) was incubated in reaction buffer G without RAD51 (Lane 2,6 and 9) or with 
RAD51 (1.5 µM) (Lane 3, 4, 5, 7, 8) in the absence or presence of HELLS (Lane 4  - 0.5 µM, Lane 5,6 - 1 
µM) and HELLS K254R (Lane 7 - 0.5 µM, Lane 8,9 – 1 µM), followed by addition of DNase I (2 Units). 
Samples were deproteinized and subjected to 10 % native gel electrophoresis and analyzed using 
phosphorimager. (B) Graph representing data in (A). 
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2.3.6 RAD51 physically interacts with BCCIPα and BCCIPβ. 
Little is known about the biochemical properties of BCCIPα and BCCIPβ and 
their role in homologous recombination. We wanted to determine if one or both of these 
proteins possessed the ability to interact with RAD51 physically. We used affinity pull-
down assays to determine physical interactions and incubated RAD51 with (6XHis)-
BCCIPα and (6XHis)-BCCIPβ. Interaction between a pair of proteins in suggested by 
presence of RAD51 in elution (E) fraction (Figure 2.6, Lane 3, 6, 9, 12). Our results show 
that RAD51 interacts with BCCIPα but does not interact with Ni-NTA beads (Figure 
2.6(A)). We also found that RAD51 also interacts with BCCIPβ (Figure 2.6(B)).  
(A)                               (B) 
 
 
Figure 2.6 Physical interaction of BCCIPα  and BCCIPβ  with RAD51. RAD51 (4.5 µM) was incubated 
with (A) 6XHis-BCCIPα (4 µM) and Ni-NTA (Lane 4-6) or (B) 6XHis-BCCIPβ (4 µM) and Ni-NTA 
(Lane 7-9) or only Ni-NTA beads (Lane 1-3, 10-12). Supernatant was separated and the beads washed. The 
supernatant (S), wash (W) and Bead (E) fractions were subjected to 12 % SDS-polyacrylamide gel 
electrophoresis and stained using Coomassie Brilliant Blue.  
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2.3.7 BCCIPα and BCCIPβ bind DNA 
Next, we wanted to determine if BCCIPα or BCCIPβ posses the ability to bind 
DNA. We performed DNA electrophoretic mobility shift assay using φX174 viral DNA 
(+) strand (φX174 ssDNA). Our results indicate that BCCIPα binds ssDNA (Figure 
2.7(A)) and BCCIPβ also binds ssDNA (Figure 2.7(B)). Both these proteins bind DNA in 
a protein-concentration dependent manner. As a control, we deproteinized the 
nucleoprotein complex, which resulted in DNA substrate with unaltered electrophoretic 





Figure 2.7: DNA binding by BCCIPα  and BCCIPβ . (A) BCCIPα (Lane 2-6; 0.5 µM, 1 µM, 2 µM, 4 
µM and 8 µM; Lane 7 and 8; 16 µM) and (B) BCCIPβ (Lane 2-6; 0.5 µM, 1 µM, 2 µM, 4 µM and 8 µM; 
Lane 7 and 8; 16 µM) were incubated with φX174 ssDNA and subjected to 0.9% agarose gel 
electrophoresis and stained with ethidium bromide. The reaction in lane 8 was deproteinized before 
subjecting to electrophoresis. NP = No protein; S/P = SDS / Proteinase K. 
(A)                          (B) 
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2.3.8 BCCIPα and BCCIPβ stabilize the nucleoprotein filament of RAD51 
Upon finding that RAD51 physically interacts with BCCIPα and BCCIPβ, we 
wanted to examine if one or both of these proteins possessed the ability to stabilize the 
nucleoprotein filament that RAD51 forms on ssDNA. We performed the nuclease 
protection assay on RAD51 (Chow et al. 1986). RAD51 formed a presynaptic filament 
but could not completely protect the ssDNA from degradation (Figure 2.8, lane 3). 
However, when BCCIPα was added, we found that the nucleoprotein filament was more 
stable resulting in less degradation of ssDNA (Figure 2.8, lanes 4 and 5). Similarly, when 
BCCIPβ was added, we found similar results; the nucleoprotein filament was more 
stable. We also showed that BCCIPα or BCCIPβ alone could not protect the ssDNA in 










Figure 2.8: Protection of RAD51 presynaptic filament by BCCIPα  and BCCIPβ . (A) 32P-labeled 
OL90 (4.5 µM nucleotides) was incubated in reaction buffer G without RAD51 (Lane 2,6 and 9) or with 
RAD51 (1.5 µM) (Lane 3, 4, 5, 7, 8) in the absence or presence of BCCIPα (Lane 4  - 1 µM, Lane 5,6 - 2 
µM) or BCCIPβ (Lane 7 - 1 µM, Lane 8,9 – 2 µM), followed by addition of DNase I (2 Units). Samples 
were deproteinized and subjected to 10 % native gel electrophoresis and analyzed using phosphorimager. 
(B) Graph representing data in (A) 
	   45	  
2.4 Discussion 
HELLS, a Swi2/Snf2 family of chromatin remodelers, has been implicated in 
genome-wide DNA methylation regulation (Dennis et al. 2001). HELLS is highly 
expressed in proliferative tissues such as the thymus, testes and bone marrow. HELLS 
mutations are associated with leukemia and lung cancer (Yano et al. 2004). HELLS null 
mutants are lethal in mice (Geiman et al. 2001). Here, we characterized biochemical 
properties of HELLS to better understand its role in RAD51-mediated homologous 
recombination. Based on studies by Ghosal et al. (2011) and Burrage et al. (2012), we 
showed that HELLS possesses ATPase activity and the Walker A Variant of HELLS has 
attenuated ATPase activity. Our results indicate that HELLS and HELLS K254R both 
posses the ability to bind DNA and interact with RAD51. Furthermore, HELLS and 
HELLS K254R can stabilize the RAD51 presynaptic filament.  
These results indicate that HELLS functions as an accessory factory of RAD51, 
suggesting an important role in RAD51-mediated homologous recombination. The 
findings from this study provide a perspective towards understanding the functional 
significance of HELLS and its association with DSB repair. Further characterization 
would involve determining the role of HELLS in RAD51-mediated D-loop formation and 
DNA strand exchange activity. Previous work by De La Fuente et al. (2006) suggested 
that lack of HELLS in meiotic cells leads to improper synapsis of chromosomes, 
indicating HELLS could play a role in meiosis-specific DMC1-mediated homologous 
recombination. The role of ATP hydrolysis activity of HELLS is unclear. However, 
HELLS may have nucleosome remodeling function, which is a common characteristic of 
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members of Swi2/Snf2 family. 
 BCCIP interacts with BRCA2 and has been implicated in RAD51-mediated repair 
(Lu et al. 2005).  Two isoforms of BCCIP, α and β co-localize with BRCA2 and RAD51 
in the nucleus. Down-regulation of these isoforms resulted in a marked reduction in 
BRCA2 and RAD51 foci (Lu et al. 2005). In this study, we characterized the biochemical 
properties of BCCIP to understand its role in RAD51-mediated homologous 
recombination. Our results indicate that both isoforms of BCCIP posses ability to bind 
DNA and interact with RAD51. BCCIPα and BCCIPβ stimulate RAD51 by stabilizing 
the presynaptic filament of RAD51. These findings suggest that BCCIP functions as an 
accessory factor of RAD51 and plays a role in RAD51-mediated homologous 
recombination. To further determine the role of BCCIP in RAD51-dependent HR, assays 
like D-loop and strand exchange need to be performed. Determining if BCCIPα and 
BCCIPβ stimulate RAD51 in D-loop and strand exchange would be the next best step to 
understand their mechanism by which BCCIP functions in HR. Since BRCA2 functions 
as a mediator of meiosis-specific DMC1 (Thorslund et al. 2007) and BCCIP interacts 
with BRCA2, BCCIP could also play a role in DMC1-mediated homologous 
recombination. 
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CHAPTER THREE 




The meiosis-specific recombinase, DMC1, catalyzes homology search and DNA 
strand exchange by forming a nucleoprotein complex on single-stranded DNA. Ca2+ 
stimulates the DNA strand exchange activity of DMC1. Ca2+ is suggested to bind DMC1 
and cause conformational changes in the protein resulting in stimulation of DMC1 
activity. Here, we identified and characterized a putative calcium-binding domain in 
DMC1. We generated a triple variant of DMC1, DMC1 D180A D182A D186A (referred 
to as DMC13XDA) and compared the biochemical properties to DMC1 (referred to as 
DMC1WT). We found that, similar to DMC1WT, DMC13XDA binds single-stranded DNA. 
However, DMC13XDA is a lot more robust at forming DNA displacement loop (D-loop) in 
the absence of Ca2+. The presence of Ca2+ stimulates the rate of D-loop formation by 
DMC1WT but that by DMC13XDA is slightly affected. Ca2+ binds DMC1WT and stabilizes 
the presynaptic filament, thereby reducing the rate of ATP hydrolysis. Our results show 
that DMC13XDA is less responsive to the effect of Ca2+ demonstrated by the rate of ATP 
hydrolysis. These results suggest that the altered have a role in binding of Ca2+ to 
DMC1WT and the stimulation thereof. 
 
 
	   51	  
3.1 Introduction 
Meiotic recombination is required for proper segregation of homologous 
chromosomes and generation of genetic diversity in more eukaryotes (Kleckner 1996, 
Roeder 1997). Mutations of DMC1 affect meiotic recombination and increase non-
disjunction in some eukaryotes (Roeder 1997). Recombination in meiosis begins by 
programmed induction of DNA double-strand breaks by Spo11 (Keeney et al. 1997, 
Romanienko and Camerini-Otero 2000). DMC1 catalyzes the homology search and DNA 
strand exchange processes in meiosis. Like RAD51, DMC1 is a homolog of E. coli 
recombinase RecA. DMC1 mutants are defective in recombination, accumulate 
recombination intermediates and double strand breaks and arrest late in meiotic prophase 
(Bishop et al. 1992). 
 Ca2+ is an important regulator of many cellular processes in higher eukaryotes. 
Ca2+ was shown to stimulate the DNA strand exchange activity of human RAD51 
(Bugreev and Mazin 2004). Bugreev et al. 2005 showed that Ca2+ promotes the activity 
of human and yeast Dmc1. DMC1 forms stacked rings on ssDNA in the absence of ATP. 
In the presence of ATP, DMC1 switches to the helical form of presynaptic filament, 
determined using transmission electron microscopy (Sehorn et al. 2004). This stimulation 
of DMC1 activity is believed to be due to formation of stable DMC1-ssDNA presynaptic 
filament complexes. Ca2+ inhibits the ATPase activity of DMC1 that promotes 
stabilization of presynaptic filaments of DMC1. This activation of DMC1 is thought to be 
mediated through conformational changes in DMC1 induced by free Ca2+ binding to 
DMC1 (Bugreev et. al 2005). Here, we generated a variant of putative calcium binding 
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domain in DMC1, and examined the biochemical properties of the variant and the effect 
of Ca2+. 
 
3.2 Materials and methods 
3.2.1 Plasmids 
The human DMC1 cDNA was cloned into pET11c (pET11c-DMC1WT) 
previously in the lab (Sharma et al. 2012). We used two steps of site-directed 
mutagenesis to introduce the desired changes in the gene and generate DMC1 D180A 
D182A D186A. The first step resulted in change of the aspartic acid at position 186 to 
alanine. The second step used the pET11c-DMC1 D186A plasmid as the template to 
change two aspartic acid residues; 180 and 182 to alanine, thus generating the triple 
variant pET11c-DMC1 D180A D182A D186A (referred to as DMC13XDA henceforth). 
The DMC13XDA expression plasmid was sequenced to ensure only desired mutations were 
present. 
 
3.2.2 Expression and purification of DMC1WT and DMC13XDA 
The pET11c-DMC1WT expression plasmid was introduced into E. coli BL21 
Rosetta (DE3) cells. The cells were grown at 37°C to OD600 of 0.9 followed by addition 
of 0.4 mM IPTG and incubation for 16 hours at 16°C. The cells were harvested by 
centrifugation at 7500xg for 10 min at 4C using Beckman JLA 8.1000 rotor. Cell paste of 
60g was resuspended in Buffer A (50 mM Tris pH 7.5, 1 mM EDTA, 10 % sucrose, 1 
mM β-mercaptoenthanol, 0.01 % Igepal, 1 mM benzamidine, 1 mM PMSF, 0.1 mg/mL 
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lysozyme and protease inhibitors (chymostatin, aprotinin, pepstatin A and leupeptin at a 
final concentration of 5 µg/mL each)) at a final concentration of 300mM Na2SO4 and 
subjected to sonication (three rounds, thirty seconds each). The sonicated extract was 
clarified using ultracentrifugation at 180,000xg for 90 min at 4°C using Beckman Type 
45 Ti rotor, and diluted with Buffer B (20 mM K2HPO4 pH 7.4, 1 mM EDTA, 10 % 
glycerol, 1 mM β-mercaptoenthanol, 0.01 % Igepal) to match conductivity of 100 mM 
KCl and loaded onto a 65 mL Q sepharose column (GE Healthcare). The column was 
washed with 130 mL Buffer B containing 100 mM KCl and the bound protein was eluted 
with 390 mL of Buffer B at a linear gradient of 100 mM to 800 mM KCl. The elutions 
were subjected to 12 % SDS-PAGE and stained using Coomassie Brilliant Blue. 
DMC1WT eluted at 350 mM KCl. The peak fractions containing DMC1WT were pooled 
and incubated with 1 mL Nickel-NTA sepharose resin (GE Healthcare). The resin was 
washed with 10 mL of Buffer B containing 1000 mM KCl and 50 mM imidazole 
followed by 10 mL of Buffer B containing 300 mM KCl and 50 mM imidazole. The 
protein was eluted in nine fractions of 1 mL each with Buffer B containing 300 mM KCl 
and 500 mM imidazole. The elutions were subjected to 12 % SDS-PAGE followed by 
staining with Coomassie Brilliant Blue. The peak factions containing DMC1WT were 
pooled and diluted with Buffer B to match conductivity of 100 mM KCl and loaded onto 
a 1 mL Source S column (GE Healthcare). The column was washed with 5 mL Buffer B 
containing 100 mM KCL and the protein was eluted using 30 mL of Buffer B at a linear 
gradient of 100 mM to 800 mM KCl. The elutions were subjected to 12 % SDS-PAGE 
followed by staining with Coomassie Brilliant Blue and DMC1WT eluted at 250 mM KCl. 
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The peak fractions containing DMC1WT were pooled and diluted with Buffer B to match 
conductivity of 100 mM KCl and then loaded onto a to 1 mL Source Q column (GE 
Healthcare). The column was washed with 5 mL Buffer B containing 100 mM KCl and 
the protein was eluted with 30 mL of Buffer B at a linear gradient of 100 mM to 700 mM 
KCl. The elutions were subjected to 12 % SDS-PAGE and stained with Coomassie 
Brilliant Blue. DMC1WT eluted at 280 mM KCl. The peak fractions of DMC1WT were 
concentrated and aliquoted in small volume and stored at -80°C. DMC13XDA was 
expressed and purified using the same procedure as DMC1WT. 
 
3.2.3 DNA substrates 
φX174 viral DNA (+) strand (φX174 ssDNA) and ApaLI digested φX174 replicative 
form I (φX174 dsDNA) were purchased from New England Biolabs. pBlueScript II KS 
(+) DNA was purified using Qiagen gigaprep kit. Oligonucleotides were ordered from 
Integrated DNA Technologies. OL83 (5ʹ′-
TTTATATCCTTTACTTTATTTTCTATGTTTATTCATTTACTTATTTTGTATTATC 
CTTATACTTATTTACTTTATGTTCATTT-3') and OL90 (5′- 
AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTT 
AATCAGTGAGGCACCTATCTCAGCGATCTGTCTATT-3′) were purified using a 10 
% denaturing polyacrylamide gel, the DNA was excised from the gel and eluted in TE 
buffer (10 mM Tris-HCl pH 7.5, 0.5 mM EDTA). The oligos were then labeled at the 5ʹ′ 
end with [γ-32P]-ATP using the enzyme T4 polynucleotide kinase in Buffer C (70 mM 
Tris-HCl pH 7.6, 10 mM MgCl2, 5 mM DTT). Free [γ-32P]-ATP was removed by 
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centrifugation using Bio-Spin columns (Bio-Rad) and labeled DNA was collected as 
flow-through and diluted to desired concentration using TE buffer. 
 
3.2.4 Electrophoretic mobility shift assay 
Increasing concentrations of DMC1WT or DMC13XDA were incubated with 32P-
labeled OL83 ssDNA (4.5 µM nucleotides) for 10 min at 37°C in 10µl of reaction with 
Buffer G (25 mM Tris-HCl pH 7.5, 1 mM ATP, 1.5 mM MgCl2, 50 mM KCl, 0.1 mg/mL 
BSA, 1 mM DTT). The samples were subjected to 10 % native polyacrylamide gels and 
were analyzed using a Phosphor imager (GE Healthcare) and ImageQuant (GE 
Healthcare). 
 
3.2.5 D-loop assay 
DMC1WT or DMC13XDA (2 µM) were incubated with 32P-labeled OL90 D-loop 
substrate (2.5µM nucleotides) at 30°C or 37°C in 12.5 µl of reaction with Buffer G for 10 
min, followed by addition of CaCl2 (0.2 mM) for 2 min. The reaction was initiated by 
addition of pBlueScript II KS (+) DNA (35 µM basepairs) and incubated for 12 min. 
Samples were withdrawn at indicated time points and deproteinized with Proteinase K 
(0.5 µg/mL) and SDS (1 %). The samples were subjected to 0.9 % agarose gel 
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3.2.6 ATP hydrolysis assay 
DMC1WT or DMC13XDA (2 µM) were incubated with 1 mM [γ-32P]-ATP in 10µl 
of reaction with Buffer D (25 mM Tris-HCl pH 7.5, 2.5 mM MgCl2, 0.1 mg/mL BSA, 1 
mM DTT) in the absence or presence of φX174 ssDNA (30 µM nucleotides) or φX174 
dsDNA (15 µM basepairs) at 37°C for 90 min. 2 µl of the reaction mixture was 
withdrawn and equal amount of EDTA (0.5 M) was added to stop the reaction, which 
was subjected to thin layer chromatography. The amount of 32P released was analyzed 
using phosphorimager (GE Healthcare) and quantified using ImageQuant (GE 
Healthcare). In a separate experiment, DMC1WT or DMC13XDA (2 µM) were incubated 
with 1 mM [γ-32P]-ATP and φX174 ssDNA (30 µM nucleotides) in 10 µl of reaction with 
Buffer D with increasing concentrations of CaCl2 at 37°C for 90 mins. 2 µl of the 
reaction mixture was withdrawn and equal amount of EDTA (0.5 M) was added to stop 
the reaction, which was subjected to thin layer chromatography. The amount of 32P 
released was analyzed using phosphorimager (GE Healthcare) and quantified using 
ImageQuant (GE Healthcare). 
 
3.3 Results 
3.3.1 Expression and purification of DMC1WT and DMC13XDA  
Structural analysis of DMC1 suggested that three aspartic acid residues at position 
180, 182 and 186 could comprise a calcium-binding domain. We used site-directed 
mutagenesis to generate DMC13XDA. DMC1WT and DMC13XDA were expressed and 
purified separately from bacterial cells through a series of chromatographic steps 
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mentioned in methods to obtain protein with purity near homogeneity. Figure 3.1 




Figure 3.1: Purified DMC1WT and DMC13XDA. 1 µg of purified DMC1WT (Lane 1) and DMC13XDA (Lane 
2) were loaded on 12 % SDS-polyacrylamide gel and were subjected to electrophoresis followed by 
staining with Coomassie Brilliant Blue. 
 
3.3.2 DMC1WT and DMC13XDA bind DNA 
DMC1WT binds single-stranded DNA (Passy et al. 1999). To determine the ability 
of DMC13XDA to bind DNA, we performed DNA electrophoretic mobility shift assay 
using radiolabeled oligonucleotide length single-stranded DNA (OL83). Our results 
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confirmed previous findings that DMC1WT binds ssDNA (Figure 3.2(A)) and showed 
DMC13XDA also binds ssDNA (Figure 3.2(B)). The binding to DNA was dependent on 
concentration of each protein. These results suggest that alteration of D180, D182 and 
D186 in DMC1 had no effect on ssDNA binding activity of DMC1. 
 
 
(A)                 (B)	  
 
 
Figure 3.2: DNA binding by DMC1WT and DMC13XDA. (A) DMC1WT (Lane 2–7: 0.025 µM, 0.0625 µM, 
0.125 µM, 0.25 µM, 0.4 µM, 0.5 µM respectively) and (B) DMC13XDA (Lane 2–7: 0.025 µM, 0.0625 µM, 
0.125 µM, 0.25 µM, 0.4 µM, 0.5 µM respectively) were incubated with 32P-labeled OL83 and subjected to 
10 % native polyacrylamide gel electrophoresis and analyzed using phosphorimager. 
 
3.3.3 Rate of D-loop formation varies between DMC1WT and DMC13XDA 
DMC1WT binds single-stranded DNA to form a nucleoprotein filament that 
searches for homology. Upon finding homology, the presynaptic filament invades the 
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homologous duplex DNA resulting in D-loop formation. Ca2+ is thought to activate 
DMC1WT by formation of stable filaments and hence stimulating the D-loop formation of 
DMC1 (Bugreev et al., 2005). We used radiolabeled ssDNA to allow for formation of 
filament. Upon addition of supercoiled DNA, a D-loop forms. The reactions in Figure 3.3 
(B) were performed at 37°C. In the absence of Ca2+, we observed that DMC1WT could 
mediate formation of D-loop (Figure 3.3 (B) I, lanes 2-6). However, in the presence of 
Ca2+, the rate of D-loop formation by DMC1WT was greatly enhanced (Figure 3.3 (B) I, 
lanes 8-12). On the contrary, DMC13XDA was robust at forming D-loop in the absence of 
Ca2+ (Figure 3.3 (B) II, lanes 2-6). Addition of Ca2+ had a slight effect on the rate of D-
loop formation by DMC13XDA (Figure 3.3 (B) II, lanes 8-12).  
 
We repeated the experiment mentioned above at 30°C to because the rate of D-
loop formation by DMC13XDA is very high at 37°C. Reducing the temperature from 37°C 
to 30°C slows down the activity of DMC1. We found that DMC1WT struggled to form D-
loop at 30°C in the absence of Ca2+ (Figure 3.3 (C) I, lanes 2-6). The presence of Ca2+ 
stimulated the rate of D-loop formation (Figure 3.3 (C) I, lanes 8-12) but the product 
formed was less compared to 37°C. DMC13XDA formed more D-loop than DMC1WT at 
30°C in the absence of Ca2+ (Figure 3.3 (C) II, lanes 2-6) and the presence of Ca2+ had a 
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(A) 
 
(B) 37°C            I           II 
      
 
(C) 30°C         I           II 
 	  	   	   	  
Figure 3.3: D-loop formation by DMC1WT and DMC13XDA. (A) Schematic of D-loop reaction; ss – 
single-strand DNA, sc – super-coiled DNA, D-loop – displacement loop. (B) DMC1WT (I) or DMC13XDA 
(II) (2 µM) were incubated with 32P-labeled OL90 at 37°C in the absence or presence of CaCl2 (0.2 mM). 
The reaction was initiated by adding super-coiled DNA (35 µM basepairs) and samples were withdrawn at 
indicated time-points and deproteinized. The samples were subjected to 0.9% agarose gel electrophoresis 





Figure 4.8: hHells stimulates hRad51-mediated D loop formation. (A) Schematic of D loop assay. (B) 
hRad51 was incubated with OL90 ssDNA to form a presynaptic filament and the reaction was 
supplemented with supercoiled pBluescript II KS(+) DNA. The reaction was deproteinized at indicated 
time points and subjected to 0.9% agarose gel electrophoresis. The results were analyzed using a 
phosphorimager. hRad54 or hHells or both were added to the reactions, as indicated. (C) The data from (B) 
is graphed.  
 
129
	   61	  
3.3.4 DMC1WT and DMC13XDA hydrolyze ATP 
 
DMC1WT promotes ATP-dependent homologous DNA strand exchange reaction 
(Sehorn et al. 2004). To determine the ability of DMC13XDA to hydrolyze ATP, we tested 
DMC1WT and DMC13XDA in the absence or presence of ssDNA or dsDNA. As expected, 
ATP hydrolysis of DMC1WT was stimulated in the presence of DNA (Figure 3.4). The 
ATP hydrolysis of DMC13XDA was also stimulated in the presence of DNA and the rate 
of hydrolysis was similar to DMC1WT (Figure 3.4). 
 
	        
Figure 3. 4: ATP hydrolysis by DMC1WT and DMC13XDA. DMC1WT or DMC13XDA (2 µM) were 
incubated with [γ-32P]-ATP in the presence or absence of φX174 ss and dsDNA. The samples were 
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3.3.5 Effect of Ca2+ on the rate of ATP hydrolysis of DMC1WT and DMC13XDA 
DMC1WT mediates DNA strand exchange. Ca2+ promotes formation of stable 
DMC1-ssDNA filaments which stimulate the D-loop formation activity of DMC1 
(Bugreev et al. 2005). We wanted to determine the effect on Ca2+ on the presynaptic 
filaments formed by ssDNA and DMC13XDA. Upon incubating DMC1WT-ssDNA 
complex with increasing concentration of Ca2+, we found a gradual decline in ATP 
hydrolysis by DMC1WT. In case of DMC13XDA, we also observed a decline in ATP 
hydrolysis but the reduction of hydrolysis was slower or delayed compared to DMC1WT. 
In the absence of Ca2+, DMC1WT and DMC13XDA both hydrolyze ~63% of ATP. 
However, in the presence of 0.2 mM Ca2+ (amount used in D-loop), DMC1WT hydrolyzes 





Figure 3.5: Effect of Ca2+ on ATP hydrolysis of DMC1WT and DMC13XDA. DMC1WT and DMC13XDA 
were incubated with [γ-32P]-ATP and φX174 ssDNA in the presence of increasing concentration of CaCl2. 
The samples were subjected to thin layer chromatography and analyzed using a phosphorimager.  
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3.4 Discussion 
In this study, we examined the role of a putative calcium-binding domain in 
DMC1. DMC1 promotes ATP-dependent DNA strand exchange reaction (Sehorn et al. 
2004). In agreement with Bugreev et al. (2005), we showed that Ca2+ stimulated DMC1-
mediated D-loop formation based on our D-loop data. We constructed a variant of 
DMC1, DMC1 D180A D182A D186A (DMC13XDA) and purified the protein product to 
perform biochemical assays to understand the role of the putative calcium-binding 
domain, DMC13XDA was more robust than DMC1WT and formed more D-loop product 
even in the absence of Ca2+. The addition of Ca2+ slightly affected the D-loop formation 
activity of DMC13XDA as compared to DMC1WT. Next, we tested for ATP hydrolysis in 
the presence of Ca2+. We found that increasing concentrations of Ca2+ were able to 
attenuate the ATP hydrolysis of DMC1WT. However, there was a delayed inhibition in the 
ATP hydrolysis of DMC13XDA in the presence of Ca2+. 
Our hypothesis is that the presence of the putative calcium-binding domain 
renders a conformational regulation in DMC1. When Ca2+ binds, there is a change in 
conformation as suggested by Bugreev et al. (2005) and DMC1 is activated. However, 
mutation of the putative calcium-binding domain results in loss of conformational 
regulation in DMC1, which is in agreement with our D-loop data. Further experiments 
like DNA strand exchange and filament stability need to be performed to get a better 
understanding of the function of this domain. Once more biochemical characteristics of 
the variant are identified, genetic studies can be implemented to get a better 
understanding of the mechanism of Ca2+ mediated stimulation of DMC1. 
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CHAPTER FOUR 
IDENTIFICATION OF PROTEIN INTERACTION DOMAIN(S) IN 
SACCHAROMYCES CEREVISIAE RECOMBINATION MEDIATOR MEI5 
 
Abstract 
The formation and repair of DNA double strand breaks in meiosis is required to 
achieve proper segregation of chromosomes. In Saccharomyces cerevisiae, Rad51 and 
Dmc1 mediate DNA strand exchange by nucleating on single-stranded DNA (ssDNA) to 
form a filament. The presence of replication protein-A (RPA) on ssDNA requires that 
mediators assist loading of the recombinases onto the DNA. A few proteins are known to 
function as recombination mediators. The Mei5-Sae3 complex acts as a mediator of 
Dmc1 promoting Dmc1 presynaptic filament formation. Mei5-Sae3 also interacts with 
Rad51 and preferentially binds fork DNA structure. The interaction of the complex with 
Rad51 is an attribute of the N-terminal domain of Mei5. In this study, we generated 
scanning alanine mutants of the N-terminal domain of scMei5 in order to delineate the 
domain(s) of interaction with Rad51. We identified four residues that could potentially be 
responsible for interaction with Rad51. This information would be critical to determine 
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4.1 Introduction 
In Saccharomyces cerevisiae, Rad51 and Dmc1 mediate meiotic homologous 
recombination through formation of nucleoprotein filaments that mediate DNA strand 
exchange between homologous chromosomes. However, the presence of Replication 
Protein A (RPA) serves as a challenge to Rad51 and Dmc1 to form filaments as RPA 
competes for single-stranded DNA (ssDNA) with the recombinases (Sung 1997, 
Shinohara et al. 1998). The Mei5 (MEIosis-specific protein) and Sae3 (Sporulation in the 
Absence of Spo Eleven) protein complex functions as a recombination mediator to 
promote activity of Dmc1 by assisting in nucleation of the Dmc1 recombinase onto 
ssDNA that is coated with RPA. (Tsubochi and Roeder 2004, Hayase et al. 2004). MEI5 
or SAE3 null mutants lead to a multitude of problems including spore inviability, 
accumulation of broken DNA ends, and defective Holliday junction resolution (Tsubochi 
and Roeder 2004, Hayase et al. 2004). Say et al. (2011) showed the association of the 
Mei5–Sae3 complex with Rad51. Mei-5-Sae3 does not function as a recombination 
mediator for Rad51. Mei5–Sae3 interacts with the Rad51 recombinase through the N-
terminal domain of Mei5. We identified residues in the N-terminal domain of Mei5 that 





4.2 Materials and methods 
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4.2.1 Plasmids 
The S. cerevisiae RAD51 (in pLANT2), MEI5 (in pMAL-c2x), MEI5ΔC (in 
pMAL-c2x), and MEI5ΔN (in pMAL-c2x) were cloned previously in lab (Say et al. 
2011). Rad51 has an N-terminal six-histidine tag and Mei5, Mei5ΔC (residues 1-121) and 
Mei5ΔN (residues 122-223) have an N-terminal MBP (maltose binding protein) tag. For 
generating alanine variants, we used site-directed mutagenesis using MEI5ΔC plasmid as 
the template to change two consecutive residues to alanine in every construct. All the 
expression plasmids were sequenced to ensure only desired mutations were present. 
 
4.2.2 Expression and purification of Rad51, Mei5, Mei5-N and scMei5-C 
The pLANT2-Rad51 expression plasmid was introduced into E. coli BL21 
Rosetta (DE3) cells. The cells were grown at 37°C to OD600 of 0.9 followed by addition 
of 0.4 mM IPTG and incubated for 5 hours at 37°C. The cells were harvested by 
centrifugation at 7500xg for 10 min at 4°C using Beckman JLA 8.1000 rotor. Cell paste 
of 30g was resuspended in 150 mL of Buffer A (50 mM Tris pH 7.5, 1 mM EDTA, 10 % 
sucrose, 1 mM β-mercaptoenthanol, 0.01 % Igepal, 1 mM benzamidine, 1 mM PMSF, 
0.1 mg/mL lysozyme and protease inhibitors (chymostatin, aprotinin, pepstatin A and 
leupeptin at a final concentration of 5 µg/mL each)) containing 300 mM Na2SO4 and 
subjected to sonication (three rounds, thirty seconds each). The sonicated extract was 
clarified using ultracentrifugation at 180,000xg for 90 min at 4°C using Beckman Type 
45 Ti rotor, and diluted with Buffer B (20 mM K2HPO4 pH 7.4, 1 mM EDTA, 10 % 
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glycerol, 1 mM β-mercaptoenthanol, 0.01 % Igepal) to match conductivity of 100 mM 
KCl and loaded onto a 40 mL Q sepharose column (GE Healthcare). The column was 
washed with 80 mL of Buffer B containing 100 mM KCl and the bound protein was 
eluted with 320 mL of Buffer B at a linear gradient of 100 mM to 700 mM KCl. The 
elutions were subject to 12 % SDS-PAGE followed by staining with Coomassie Brilliant 
Blue. Rad51 eluted at 330 mM KCl. The peak fractions containing Rad51 were pooled 
and incubated with 1 mL Nickel-NTA sepharose resin (GE Healthcare). The resin was 
washed with 10 mL of Buffer B containing 1000 mM KCl and 50 mM imidazole 
followed by 10 mL of Buffer B containing 300 mM KCl and 50 mM imidazole. The 
protein was eluted into nine fractions of 1 mL each with Buffer B containing 300 mM 
KCl and 500 mM midazole. The elutions were subject to 12 % SDS-PAGE followed by 
staining with Coomassie Brilliant Blue. The fractions containing Rad51 were pooled and 
diluted with Buffer B to match conductivity of 100 mM KCl and loaded on a 1 mL 
Macro-Hydroxyapatite (MHAP) column (Bio-Rad). The column was washed with 5 mL 
of Buffer B containing 100 mM KCl and the protein was eluted with 30 mL of a linear 
gradient of 0 mM to 400 mM KH2PO4. The elutions were subject to 12 % SDS-PAGE 
and stained using Coomassie Brilliant Blue and Rad51 eluted at 180 mM KH2PO4.  The 
peak fractions containing Rad51 were pooled and diluted with Buffer B to match 
conductivity of 100 mM KCl and then loaded onto a 1 mL Source Q column (GE 
Healthcare). The column was washed with 5 mL Buffer B containing 100 mM KCl and 
the protein was eluted with 30 mL of Buffer B at a linear gradient of 100 mM to 450 mM 
KCl. The elutions were subject to 12 % SDS-PAGE followed by staining with Coomassie 
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Brilliant Blue. Rad51 eluted at 320 mM KCl. The peak fractions containing Rad51 were 
concentrated and aliquoted in small volume and stored at -80°C. Mei5, Mei5ΔC and 
Mei5ΔN were purified in lab previously using the same procedure. The procedure for 
purification of Mei5ΔC is mentioned as under. 
 
The pMAL-c2x-Mei5ΔC expression plasmid was introduced into E. coli BL21 
Rosetta (DE3) cells. The cells were grown at 37°C to OD600 of 0.9 followed by addition 
of 0.4 mM IPTG and incubation for 20 hours at 16°C. The cells were harvested by 
centrifugation at 7500xg for 10 min at 4°C using Beckman JLA 8.1000 rotor. Cell paste 
of 60g was resuspended in 300 mL of Buffer A (50 mM Tris pH 7.5, 1 mM EDTA, 10 % 
sucrose, 1 mM β-mercaptoenthanol, 0.01 % Igepal, 1 mM benzamidine, 1 mM PMSF, 
0.1 mg/mL lysozyme and protease inhibitors (chymostatin, aprotinin, pepstatin A and 
leupeptin at a final concentration of 5 µg/mL each)) containing 250 mM KCl and 
subjected to sonication (three rounds, thirty seconds each). The sonicated extract was 
clarified using ultracentrifugation at 180,000xg for 90 min at 4°C using Beckman Type 
45 Ti rotor, and incubated with 2 mL amylose resin (New England BioLabs). The resin 
was washed with 20 mL of Buffer B (20 mM K2HPO4 pH 7.4, 1 mM EDTA, 10 % 
glycerol, 1 mM β-mercaptoenthanol, 0.01 % Igepal) containing 1000 mM KCl followed 
by 10 mL of Buffer B containing 300 mM KCl. The protein was eluted into three 
fractions of 3 mL each with Buffer B containing 300 mM KCl and 10 mM maltose. The 
elutions were subjected to 12 % SDS-PAGE followed by staining with Coomassie 
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Brilliant Blue. The fractions containing Mei5ΔC were pooled and concentrated followed 
by a buffer exchange with Buffer B containing 300 mM KCl to remove the maltose. The 
concentrated protein was aliquoted in small volume and stored at -80°C 
 
4.2.3 Affinity pull-down assay 
Rad51 (4.5 µM) was incubated with MBP-Mei5 (2 µM), MBP-Mei5ΔC (2.5µM) 
or MBP-Mei5ΔN (2.5 µM) on amylose resin (15 µl) in 30 µl of reaction with Buffer E 
(20 mM K2HPO4 pH 7.4, 10% glycerol, 1 mM EDTA, 100 mM KCl) for 30 min. The 
supernatant was removed and the beads were washed three times with Buffer E. The 
protein bound to the beads was eluted using SDS. As control experiment, Rad51 was 
incubated with amylose resin in Buffer E for 30 min at, the supernatant was removed, 
beads washed and protein eluted with SDS. The samples (supernatant, wash and elution) 
were subjected to 12% SDS polyacrylamide gel electrophoresis and stained with 
Coomassie Brilliant Blue.  
 
4.2.4 Binding assay using OctetRed96 (ForteBio) 
(6XHis)-Rad51 (5 µM) was incubated with Ni-NTA biosensors (ForteBio) that 
were equilibrated using Buffer E containing 100 mM KCl at 30°C for 4 min. The 
biosensors were then washed with Buffer E containing 100 mM KCl to remove excess 
protein. This was followed by incubation with Mei5ΔC (4.5 µM) or Mei5ΔC N16A, 
E17A (4.5 µM) or Mei5ΔC S40A, G41A (4.5 µM) or Mei5ΔC K52A, E53A (4.5 µM) or 
Mei5ΔC Q70A, E71A (4.5 µM) for 8 min to allow association between the proteins. The 
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biosensors were incubated in Buffer E containing 100 mM KCl to allow for dissociation. 
As a control, 6XHis-Rad51 was incubated with BSA (36 µM). The results were acquired 
and analyzed using Octet Data Acquisition and Data Analysis software CFR Part 11 
Version 6.x (ForteBio). 
 
4.3 Results 
4.3.1 Sequence alignment of Mei5 protein 
To compare the sequence of Saccharomyces cerevisiae Mei5 and identify 
conserved residues that could be important, we aligned the amino acid sequence of Mei5 
to those from various yeast species. Figure 4.1 shows alignment of Mei5 amino acid 
sequences from S. cerevisiae, S. bayanus, S. castellii, S. kluyveri and S. kudriavzevii. 
Identical residues are indicated in yellow, strongly conserved residues in pink and weakly 
conserved residues in green.  
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Figure 4.1: Sequence alignment of yeast Mei5. S. cerevisiae Mei5 amino acid sequence was aligned with 
amino acid sequences of Mei5 from other yeast organisms using ClustalW via Saccharomyces Genome 
Database.  
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4.3.2 Expression and purification of Rad51, Mei5, Mei5ΔC and Mei5ΔN 
We purified Rad51, Mei5, Mei5ΔC and Mei5ΔN proteins using a series of 
conventional and affinity chromatographic steps described in materials and methods 
above. Figure 4.2 indicates purified Rad51 (Lane 1), Mei5 (Lane 2), Mei5ΔC (Lane 3) 
and Mei5ΔN (Lane 4). 
 
 
Figure 4.2: Purified Rad51, Mei5, Mei5ΔC and Mei5ΔN. 1 µg of purified Rad51 (Lane 1), Mei5 (Lane 
2), Mei5ΔC (Lane 3) and Mei5ΔN (lane 4) were loaded on 12 % SDS-polyacrylamide gel and were 
subjected to electrophoresis followed by staining with Coomassie Brilliant Blue. 
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4.3.3 Physical interaction with Rad51 
We wanted to check physical interaction of the Mei5 with Rad51. We incubated 
Rad51 with (MBP)-Mei5, (MBP)-Mei5ΔC and (MBP)-Mei5ΔN on amylose resin. 
Interaction between a pair of proteins in suggested by presence of Rad51 in elution (E) 
fraction (Figure 4.3, Lane 3, 6, 9, 12). Using affinity pull-down assay, we confirmed 
previous results (Say et al., 2011). Rad51 interacts with Mei5 (Figure 4.3, (B)). To 
determine which region of Mei5 interacted with Rad51, we used N- and C- terminal 
truncation products of Mei5; Mei5ΔC and Mei5ΔN. We observed that Rad51 interacts 
with Mei5ΔC and (Figure 4.3, (C)) and does not interact with Mei5ΔN (Figure 4.3, (D)). 
As a control, we incubated Rad51 with amylose resin to show that Rad51 does not 
interact non-specifically with Mei5. Based on these findings, we generated scanning 



















Figure 4.3 Physical interaction of Mei5 with Rad51. Rad51 (4.5 µM) was incubated with (B) Mei5 (2 
µM) or (C) Mei5ΔC (2.5 µM) or (D) Mei5ΔN (2.5 µM) and amylose beads or (A) only amylose beads. 
Supernatant was separated and the beads washed. The supernatant (S), wash (W) and bead (E) fractions 
were subjected to 12 % SDS-polyacrylamide gel electrophoresis and stained using Coomassie Brilliant 
Blue.  
(A)     (B)     (C)       (D) 
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4.3.4 Kinetics of Mei5ΔC alanine variants 
 We implemented a high-throughput approach to determine affinity of interaction 
between Rad51 and various alanine variants of Mei5ΔC, using OctetRed96 platform, 
which is based on the principle of biolayer interferometry. This technique is based on the 
change in interference pattern from the reflection of white light relative to the thickness 
of the optical layer at the biosensor tip surface, during protein-protein interactions. A 
layer of molecules is attached to the tip of an optic fiber, which creates an interference 
pattern at the detector. A shift in the interference pattern occurs with any change in the 
number of molecules bound to the tip, which can be measured in real-time (ForteBio).   
 Since we are in the process of generating the variants, we screened a few variants 
that were already purified, for possible interaction with Rad51 or loss thereof. We found 
that Mei5ΔC wild-type interacted with scRad51 (Figure 4.4). Under the same conditions, 
Mei5ΔC N16A,E17A and Mei5ΔC S40A,G41A interacted with Rad51 (Figure 4.4). 
However, we found that under the same conditions, Mei5ΔC K52A,E53A and Mei5ΔC 
Q70A,E71A did not interact as well as wild-type and the association and dissociation 
curves were also different with a decrease in initial affinity, based on Figure 4.4. We 
intend to screen all the other variants, but the findings from this experiment indicate the 
residues 52, 53, 70 and 71 could be responsible for interaction of Mei5 with Rad51. An 
alternate explanation for the results could be that since the variants have been generated 
from a truncation product of Mei5, they might be misfolded. Future studies will involve 
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Figure 4.4: Kinetics of Mei5ΔC alanine variants. OctetRed96 platform was used to determine the 
affinity of various Mei5ΔC alanine variants for Rad51. Rad51 (5 µM) was incubated with Ni-NTA 
biosensors followed by incubation with Mei5ΔC wild-type or Mei5ΔC alanine variants (4.5 µM). The 
figure describes the association and dissociation curves for the different proteins. X-axis: Time (Sec); Y-
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4.4 Discussion 
Mei5-Sae3 complex is a mediator of S. cerevisiae Dmc1-dependent meiotic 
recombination involved in recruitment of Dmc1 to DSB site. Localization of Dmc1 to 
meiotic DSBs is reliant upon Mei5-Sae3 (Hayase et al. 2004, Tsubochi et al. 2004). 
Based on the findings of Say et al. (2011) that Saccharomyces cerevisiae Mei5-Sae3 
complex interacts with Rad51 through the N-terminal domain of Mei5, we devised a 
system to delineate the domain or residues involved in this interaction by generate 
alanine variants. We were able to identify four residues that could play a role in 
interaction with Rad51. However, we need to purify and screen all 60 variants to confirm 
our results. Once the residues are identified, the mutations can be incorporated in the full-
length MEI5 and the protein(s) can be characterized to better understand the role of Mei5 
Rad51-mediated homologous recombination. In vivo studies with these variants would 
allow for determining the phenotype and its effect on the organism.  
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DNA double strand breaks (DSBs) can occur due to exposure to ionizing 
radiation, chemical mutagens and collapsed replication forks. They are the most 
genotoxic chromosomal lesions. Repair of DSBs is essential for the viability of the cell. 
Failure to repair DSBs can result in, aneuploidies, cancer, and cell death. Three major 
pathways involved in DSB repair are non-homologous end joining (NHEJ), 
microhomology mediated end joining (MMEJ) and homologous recombination (HR). HR 
functions by utilizing homologous DNA as a template for DSB repair and hence is the 
relatively error-free process.  
RecA is the recombinase in E. coli. RAD51 and DMC1 are the eukaryotic 
homologs of RecA. DMC1 is meiosis-specific while RAD51 functions in both meiosis 
and mitosis. Upon formation of DSB, RAD51 or Dmc1 nucleate on the 3′ ssDNA 
overhangs produced after the nucleolytic resection of the damaged DNA ends. The 
nucleoprotein filament searches for homology in the homologous duplex DNA and 
mediates DNA strand invasion and D-loop formation.  
 We examined the role of proteins: HELLS and BCCIP in RAD51-
mediated recombination. These proteins interact with RAD51 and bind single-stranded 
DNA. The Walker A variant of HELLS, HELLS K254R also possesses these functions 
We further tested them in a nuclease protection assay to see if these proteins could 
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stabilize RAD51 filament. We found that HELLS and BCCIP proteins stabilized the 
nucleoprotein filament and protect it from degradation by the nuclease. We suggest that 
HELLS and BCCIP function as accessory factors of RAD51 and promote its activity in 
homologous recombination. Further characterization would involve determining the role 
of HELLS and BCCIP in RAD51-mediated D-loop formation and DNA strand exchange 
activity. HELLS and BCCIP could also play a role in meiosis-specific DMC1-mediated 
homologous recombination.  
 Bugreev et al. (2005) suggested that Ca2+ stimulates DMC1 and promotes its 
activity by causing a conformational change in DMC1. Based on collaborative structural 
prediction, we identified a putative calcium-binding domain and mutated three aspartic 
acid residues to alanine to generate DMC1 D180A D 182A D186A. We found that the 
variant is more robust at forming DNA displacement loop compared to DMC1WT in the 
absence of Ca2+ and the activity is slightly affected by the presence of Ca2+. The ATPase 
activity of DMC1 is attenuated in the presence of Ca2+. DMC13XDA showed delayed 
diminish of ATP hydrolysis compared to DMC1WT in the presence of Ca2+.  We propose 
that the putative calcium-binding domain provides a conformational regulation on 
DMC1WT and upon binding of Ca2+, the recombinase is activated. Further 
characterization involves testing DMC13XDA in DNA-strand exchange and filament 
stability for the DMC13XDA followed by genetic studies will give a better understanding 
of Ca2+ mediated stimulation of DMC.  
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 S. cerevisiae Mei5-Sae3 complex functions as a mediator of Dmc1 and helps 
nucleation of scDmc1 on single-stranded DNA that is coated with RPA. The Mei5-Sae3 
complex was recently shown to interact with Rad51 and the interaction was an attribute 
of the N-terminal domain of Mei5. We generated scanning alanine variants of N-terminal 
domain of Mei5 and examined their ability to interact with Rad51. We found four 
residues that could be involved in interaction with scRad51. We intend to generate 
mutations harboring identified residues in full-length Mei5 and characterize the 
biochemical properties of the variants in Rad51-mediated D-loop formation and strand 
exchange reaction. In vivo studies involving introducing these mutations in MEI5 in yeast 
cells would allow for determining the phenotype of Rad51-interaction deficient protein 
and its effect on the organism. 
 
  
 
 
 
 
